MYELIN IN THE CENTRAL NERVOUS SYSTEM AS OBSERVED IN EXPERIMENTALLY INDUCED EDEMA IN THE RAT by Hirano, Asao et al.
MYELIN  IN  THE  CENTRAL  NERVOUS 
SYSTEM  AS  OBSERVED  IN  EXPERIMENTALLY 
INDUCED  EDEMA  IN  THE  RAT 
ASAO  HIRANO,  H.  M.  ZIMMERMAN,  and  SEYMOUR  LEVINE 
From the Henry and Lucy Moses Research Laboratories of the Laboratory  Division, Montefiore 
Hospital  and Medical Center,  New York, and the New York Medical College Center for Chronic 
Disease, New York 
ABSTRACT 
The compact arrangement of cells in the normal white matter of the brain makes an anal- 
ysis of cellular architecture difficult.  To overcome this difficulty, cerebral edema was in- 
duced in rats by means of the unilateral intracerebral implantation  of silver nitrate. Within 
48  hr,  the brains were fixed  by perfusion with glutaraldehyde followed by immersion in 
Dalton's chrome-osmium. Sections of the callosal radiations were  studied in the electron 
microscope.  The untreated hemisphere appeared entirely unaltered, whereas in the edema- 
tous hemisphere the edema fluid separated individual cell processes  and small groups of 
them. The myelin sheaths and their relationships to the axons appeared essentially unal- 
tered. In this material, analysis of cellular architecture was relatively easy,  and the widely 
held theory of spiral wrapping could be confirmed. In addition, several other aspects of the 
myelin and myelin-forming cell relationships became apparent in the  edematous  tissue. 
Most of these  were  later confirmed by extensive and careful study of the  nonedematous 
tissue. These included the presence of occasional isolated cytoplasmic areas in myelin and 
the presence of two complete sheaths around a  single axon. Other observations, such as 
the appearance of mitochondria and dense bodies within the outer loop and the separation 
of myelin lamellae, are apparently limited to the edematous tissue. 
Injuries to  the  cerebral white matter have  been 
studied for some time in our laboratory. Previous 
publications  have  reported  light  and  electron 
microscope observations of white matter rendered 
edematous by the  use of unilateral intracerebral 
implantation of pellets of silver nitrate  (13,  17). 
These  reports  were  concerned  with  the  source, 
nature, and disposition of the edema fluid. It was 
found  that  the  edema fluid  extended  along the 
white matter bundles of the callosal radiation and 
corpus callosum. The fluid was largely extracellu- 
lar during the acute stage  (up to about 48 hr) and 
was clearly hematogenous for the most part. 
Moreover, a finding of great significance for the 
present  report  was  that,  although  individual 
myelinated axons and groups of them were sepa- 
rated by the edema fluid, the myelin sheaths and 
their relationships to  the  axons were usually ap- 
parently undisturbed. This was confirmed by their 
general  similarity to  the  myelin  sheaths  of  the 
untreated  hemisphere.  In  the  edematous  tissue, 
furthermore,  the  separation  of  myelin  sheaths 
greatly facilitated the analysis of cellular architec- 
ture.  Therefore, we decided to use this material, 
carefully controlled by the  use  of nonedematous 
opposite hemispheres, in the  study of the myelin 
sheath and the myelin-forming cell. 
The  results  of  previous  electron  microscope 
397 studies  concerning  myelinogenesis  in  the  central 
nervous system have been elegantly summarized by 
Peters in 1964 (26). In the same publication, direct 
evidence for the spiral arrangement  of the myelin 
lamellae  in  the  central  nervous  system,  as  pre- 
dicted  by  Fernfindez-Morgm  and  Finean  in  1957 
(6),  Maturana  (22),  Feters  (24,  25),  and  Uzman 
and  Villegas  (33)  in  1960,  was illustrated  for the 
first time. The present consensus concerning mye- 
linogenesis in the central nervous system seems to 
be that a  single process of a  single myelin-forming 
glial cell wraps  around  an  axon,  with  the  subse- 
quent elimination of cytoplasm from within each 
layer and  fusion of apposing  plasma  membranes, 
as  in  peripheral  myelinogenesis  (8,  28).  Further- 
more,  it  has  been  suggested  in  studies  of normal 
central myelin (22,  27),  as well as in experimental 
studies  of  demyelination  in  the  central  nervous 
system (3,  14),  that one cell may send processes to 
a  number of axons; presumably,  therefore, it is the 
inner  loop  of the  myelin  sheath  rather  than  the 
entire glial cell which advances around the axon. 
A  direct connection  between the myelin sheath 
and the body of the myelin-forming cell, however, 
has  been  observed only in  the developing animal 
(2,  27). The lack of such observations in the adult 
(2,  4, 27) has been explained as being due to (a)  a 
considerable separation between the two structures 
(2,  25,  27),  or (b)  the lack of any such connection 
(2).  In this report, we plan to offer evidence bear- 
ing on this question as well as on certain others in 
connection  with  myelinogenesis  in  the  central 
nervous system. 
MATERIALS  AND  METHODS 
Cerebral edema was induced in adult female rats by 
intracerebral implantation of pellets of silver nitrate, 
with  the  aid  of a  stereotaxic  instrument  (17).  Two 
pairs  of rats  were  sacrificed  1 and  2  days  after  im- 
plantation,  respectively.  The  brains  were  fixed  by 
perfusion  (23)  with  5%  glutaraldehyde  in  1/35 M 
phosphate  buffer  at  pH  7.4  (13).  After  perfusion, 
portions of the callosal radiation at varying distances 
from  the  implant  were  removed  by  dissection  and 
cut into small blocks.  Corresponding  areas from the 
opposite  (nonedematous)  hemisphere  were  also  ob- 
tained.  The small blocks of tissue were postfixed for 
1 hr in Dalton's chrome-Gsmium (5).  They were then 
dehydrated  and  embedded  in  Epon  (18).  Thin sec- 
tions  were  cut  on  a  Porter-Blum  MT-1  ultrami- 
crotome  with  a  diamond  knife  and  examined,  after 
lead or uranyl staining, in a  Siemens IA or RCA 3F 
electron microscope. Further  technical details of the 
procedures  are given elsewhere  (12,  13,  17). 
OBSERVATIONS 
The present description will deal with the myelin- 
forming cell, the myelin sheath,  and their relation- 
ship  to  the  axon.  It  will include  observations  of 
edematous  callosal  radiation,  about  2  to  3  mm 
away  from  the  implant,  and  of  nonedematous 
whim  matter  from the  corresponding  area  in  the 
opposite hemisphere. The findings were essentially 
similar  in  1  and  2  day  edematous  specimens, 
except for a  greater  accumulation  of edema fluid 
within  the  involved  white  matter  in  the  2  day 
specimens. 
The  callosal  radiation  in  the  untreated  hemi- 
sphere appeared entirely unaffected and, therefore, 
was used as a control. In this tissue, the myelinated 
axons,  nonmyelinated  nerve  fibers,  and  the  glial 
cells and their processes were crowded together in 
intimate  contact with  each other  (Fig.  1),  with  a 
minimum  of extracellular  space  (Fig.  2  a).  The 
glial cell bodies  in  the white matter  were  closely 
surrounded  by  many  myelinated  axons.  Direct 
communication,  however,  between  the  plasma 
membrane of the perikaryon  of the glial cells and 
the myelin sheaths  has not been demonstrated,  so 
far, in the untreated hemisphere. 
The  outermost  major  dense  line  of the  myelin 
sheath was surrounded  by a  less dense line similar 
in  appearance  to  the  intraperiod  line,  and  there 
was  an  intraperiod  line between  adjacent  myelin 
sheaths  (Fig.  2  b).  The outer loops of the myelin- 
forming cells were very closely applied to adjacent 
myelin  sheaths,  as  well  as  to  their  own.  This 
frequently caused  difficulty in determining which 
myelin sheath was connected to a  particular outer 
loop. 
While  adjacent  lamellae  were  usually  very 
tightly apposed,  sometimes isolated, narrow,  cyto- 
plasmic  areas  could  be  recognized  within  a  split 
major  dense  line.  Generally,  the  isolated  cyto- 
plasmic  areas  were  confined  to  the  outermost 
lamellae,  most  often  near  the  outer  loops.  On 
extremely  rare  occasions,  however,  similar  areas 
of  cytoplasm  could  be  distinguished  within  the 
myelin sheath,  where a major dense line was split. 
In  some  of  these  rare  areas,  the  included  cyto- 
plasmic  area  was  resolvable into  two  loops  (Fig. 
2  c),  and  in  such instances we concluded  that,  in 
fact,  two  separate  sheaths  surrounded  the  axon. 
The  two  loops  represented  the  outer  and  inner 
loops of the inner and  outer sheaths,  respectively. 
Such  areas  were  clearly different from  the  occa- 
sional artifactitious separation  of myelin lamellae, 
398  THE  JOURNAL OF CELL BIOLOGY • VOLUME 31,  1966 where  usually  a  split  of the  intraperiod  line  oc- 
curred,  resulting  in  an  apparently  empty,  struc- 
tureless  space.  Regular  arrangements  of  cyto- 
plasmic  areas,  such  as  the  incisures  of  Schmidt- 
Lantermann  as  seen  in  the peripheral  nervous 
system,  however,  were not  observed. 
Microtubules  (approximately  200  A  in  diame- 
ter),  filaments  (approximately  60 A  in diameter), 
and  vesicles  (from  200  A  upwards)  were  present 
both  in  axons  and  in inner  and  outer loops.  The 
microtubules  in  these  structures  often  contained 
central densities  approximately  50  A  in diameter 
(9)  (Fig.  2  a  and  b),  while the filaments showed 
clear  centers  when  viewed  in  cross-section.  The 
significance of the  central  density is unknown.  It 
may represent a permanent structure of the tubules 
or  perhaps  it  is  part  of some  particulate  matter 
moving  within  the  tubules.  Mitochondria  were 
occasionally  seen  within  the  axons  but  were  not 
seen  in  the  outer  loops  in  the  untreated  hemi- 
sphere. 
The  most  striking  aspect  of  the  edematous 
tissue  from  the  treated  hemisphere  was  the  ex- 
tremely  distended  extracellular  space  which  was 
filled with fluid originating from the blood vessels 
(13).  This  plasmalike  edema  fluid  (Fig.  3)  sepa- 
rated  individual  myelinated  and  nonmyelinated 
fibers or groups of them as well as glial cells. Each 
cell  process,  especially  individual  myelinated 
nerve  fibers,  stood  out  clearly,  usually  with  no 
apparent  distortion.  Often,  two  or  more  myeli- 
hated  axons  remained  in  such  close  contact  that 
their  apposing  faces  could  not  he  distinguished 
from those in untreated  specimens (Fig. 4).  Anal- 
ysis of the cellular architecture under these edema- 
tous conditions became relatively easy as compared 
with  analysis  of the compact  normal  situation. 
It was then clearly seen that the lamellae of the 
myelin  sheath,  in  most  cases,  formed  a  single 
continuous  spiral,  starting  at  the  outer  loop  and 
ending at the inner loop  (Fig.  3).  Usually,  under 
the edematous conditions described here, the outer 
and  inner  loops  were  swollen  and  appeared  less 
dense than normally. In the majority of the myelin 
sheaths,  the inner and  outer loops constituted  the 
only visible cytoplasm in the sheath  (Fig.  3).  Oc- 
casionally,  however,  some  cytoplasm  remained 
within the lamellae (most often, but not always, the 
outermost  lamellae)  and  it,  too,  swelled  and  be- 
came conspicuous (Fig. 5).  Such  swollen,  isolated 
cytoplasmic  areas  within  the myelin  sheath  were 
most  often  observed  adjoining  the  outer  loop 
(Fig.  6),  resulting in the formation of an external 
mesaxon.  An intraperiod  line was formed  by this 
mesaxon (Fig. 6), but no desmosomelike structure, 
as reported to be near the nodes of Ranvier in the 
peripheral nervous system (11),  was ever observed 
in any portion  of our material. 
In our study of edematous tissue, many unmyeli- 
nated processes were observed to be unattached  to 
any  myelin  sheath  (Fig.  7).  These  processes con- 
tained  a  variable  number  of  microtubules  and 
filaments which were essentially similar to those of 
the axons in their structure  as well as in their ar- 
rangement  and  distribution.  On  this  basis,  we 
assumed  that  these  processes  were  unmyelinated 
axons.  Occasionally,  however,  especially  in  the 
smaller processes,  microtubules  were  present  but 
no  definite filaments could  be  seen,  and  in  such 
cases the identification of these processes was made 
impossible  because  the  outer  loops  usually  con- 
tained microtubules identical to those in the axons 
or dendrites. 
All  the  observations  of  edematous  tissue  de- 
scribed above are common to edemas induced by a 
number  of  other  experimental  means,  including 
implantation  of cryptococcal polysaccharide  (12), 
dead  as well as live whole cryptococci  (16),  puri- 
fied protein derivative of tuberculin (10), and other 
substances.  In  addition,  the  findings  were  es- 
sentially  similar  to  those  reported  in  the  edema 
attendant  on  hyperacute  allergic  encephalo- 
myelitis  (15).  However,  after  extensive examina- 
tion of many blocks from various areas along the 
callosal radiations,  the silver nitrate  implantation 
studies  yielded  several  unusual  findings  in  the 
severely affected areas. 
While the myelin sheaths were usually well pre- 
served,  occasionally the outer loop was  separated 
from  the  outermost  lamella  (13)  (Fig.  8).  Some- 
times  this  separation  (really  an  infiltration  of 
edema  fluid)  extended  for  several  turns  of  the 
spiral, obliterating the intraperiod  line. The sepa- 
ration was widest between the outermost lamellae 
and gradually tapered off until the intraperiod line 
was  restored.  Less  frequently,  the  separation  in- 
volved alternating  lamellae  where  normally  pre- 
served intraperiod lines alternated with intraperiod 
separations in a  regular pattern  among the intact 
major dense lines  (Fig.  9).  Again,  the spaces pro- 
duced  by  the  separation  were  filled  with  edema 
fluid. 
Although rare, a rather interesting finding is the 
presence of several unusual  structures in the outer 
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brane  (Fig.  10),  or mitochondria (Figs.  11  and  12) 
The  few  outer  loops  containing  such  structures 
were larger than  others and  were often  separated 
from the myelin sheath.  While some of these loops 
extended  away from the sheath for at least several 
microns  (Fig.  13),  a direct connection to the body 
of the  myelln-forming  cell  has  not  been  demon- 
strated,  so  far. 
Another  remarkable  observation  is  the  occur- 
rence of two distinct cell processes around the same 
axon (Fig.  14), which was seen extremely rarely in 
the untreated tissue (Fig. 2 c). The "extra" sheaths, 
however, were much more obvious in  the edema- 
tous  tissue.  Sometimes the  two  sheaths  were very 
close together  (Fig.  14),  and  sometimes they were 
separated  by  a  significant,  fluid-filled  space  (Fig 
15).  In  these  cases,  it  may  be  assumed  that  the 
fluid infiltrated  at  the end  of the external  sheath. 
Generally,  the  inner  sheath  was  larger  than  the 
outer  one,  but  occasionally  the  reverse  was  true 
(Fig.  14).  The  number  of  lamellae  of  the  two 
sheaths  was  highly  variable,  and  sometimes  the 
outer  sheath  was  represented  by  one  incomplete 
lamella.  Furthermore,  sometimes the  two  sheaths 
spiralled  in  opposite directions  (Fig.  15 a). 
It is to be noted  that,  in high resolution micro- 
graphs, myelin sheaths  surrounded by  edema fluid 
but  showing no gross splitting or distortion  of the 
120  A  lamellae sometimes demonstrated  a  double 
intraperiod  line  (Fig.  16). 
FIGURE 1  Callosal radiation from the untreated nonedematous hemispheres.  Note the compact arrange- 
ment of cells and cell processes,  with the attendant lack of apparent extraceUular space.  X  7000. 
400  THE JOURNAL  OF CELL BIOLO(~Y • VOLUME 31,  1966 FIGURE 2 a  High magnification of untreated eallosal  radiation. Note the paucity of extracellular space. 
Beginnings of major dense lines are visible at the arrows. Microtubules, many with central densities, are 
visible  in both axons and outer loops.  Axons also contain filaments and a  mitchondrion. Inset: A small 
unmyelinated cellular  process containing tubules and central densities is surrounded by three myelinated 
axons. X  75,000. 
FmUUE ~  b  Higher magnification of untreated callosal  radiation.  Outermost major dense line is  sur- 
rounded by a less dense line similar to the intraperiod line (arrow); in the area of contact between sheaths, 
the structure between apposing major dense lines is indistinguishable from that between adjacent lamellae 
within an individual sheath.  X  ~39,000. 
FIGURE ~ C  A myelinated axon from untreated nonedematous hemisphere. Two distinct cellular  areas 
am apparent within the myelin sheath. They represent the outer (1)  and inner (2)  loops of internal and 
external myelin sheaths respectively. The outer loop (3) of the external sheath is also visible.  X  128,000, FmURE 3  A myelinated axon in the edematous callosal radiation. Plasmalike edema fluid fills the widened 
extracellular spaces.  A continuous spiral is visible  from the outer loop to the inner loop.  X  1~,000. 
FmvrtE 4  Callosal radiation from edematous hemisphere. As in nonedematous tissue, the area of contact 
between apposing myelin sheaths is indistinguishable from the structure between adjacent lamellae within 
an individual sheath.  X  160,000. 
402  THE  JOURNAL  OF  CELL  BIOLOGY •  VOLUME  31,  1966 FIGURE 5  A portion of a  myelinated axon in the edematous callosal radiation. Note the isolated area of 
cytoplasm within the outermost lamella. At each end of the cytoplasmic area, splitting of the major dense 
line is visible (arrows). Outer loop is seen in the upper right corner.  X  106,000. 
FIGURE 6  Portions of three myelinated axons in the edematous callosal radiation. Note formation of ex- 
ternal  mesaxon by  isolated  cytoplasmic  area  (arrow).  Several  tubules  containing  central  densities  are 
visible in  the  outer loop  and  the isolated  cytoplasmic area.  X  160,000. 
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One of the reasons why the myelin sheaths of the 
central nervous system are more difficult to under- 
stand than those of the peripheral nervous system is 
the compact architecture of the normal brain. This 
is well exemplified by the f~ct that usually the ap- 
posing surfaces of two adjacent myelin sheaths are 
represented  by  a  line identical  with  the  intrape- 
riod  line  within  the  sheath  (22,  24),  thus  often 
preventing  distinction  between  separate  sheaths. 
This difficulty is compounded  by the inaccessibil- 
ity  of the  central  nervous  system,  which  renders 
fixation  a  great  problem  (23),  especially  in  the 
deeply  located  cerebral  white  matter,  viz.,  the 
corpus  callosum  and  callosal  radiation. 
In order to overcome these problems, we resorted 
to two techniques.  The first was the experimental 
production  of edema in the white matter  (17),  in 
order to separate  the cell processes and  enable the 
analysis  of cell  to  cell  relationships.  The  second 
technique  was  intravascular  perfusion  (23),  in 
order to achieve the  tissue  preservation  adequate 
for detailed  analysis. 
The extracellular space found in the edematous 
tissue was the same as that seen in edemas induced 
by several other techniques (10,  12,  13,  15,  16).  In 
all these cases, the myelin sheaths are, for the most 
part,  undistorted  during  the acute  stage,  leading 
us  to  agree  with  the  statement  by  Finean  and 
Woolf (7) that the "adhesive forces between layers 
is normally very great." 
We  have  frequently  been  able  to  demonstrate 
clearly the continuity of a  single spiral around  the 
axon.  Furthermore,  the  double  intraperiod  line 
seen  under  edematous  conditions,  as  illustrated 
here for the first time in the central nervous system, 
is similar to that demonstrated  in peripheral nerve 
(6,  29),  and  probably  indicates  that  the  intrape- 
riod line in the central nervous system is originally 
formed by the fusion of the apposing regions of the 
FIGURE  7  Several  myelinated  and  unmyelinated  cell  processes  in  the  edematous  callosal  radiation. 
Several of tile umnyelinated ceil processes  contain filaments in addition to microtubules.  Note the close 
similarity in fine structure among axons, outer loops,  and unmyelinated processes.  )<  67,000. 
404  THE  JOURNAL  OF  CELL  BIOLOGY • VOLUME 31,  1966 FIGURE 8  A myelinated axon in the severely edematous area of the callosal radiation. Note the separation 
of the outer loop and one lamella. Both separations result from the splitting of the intraperiod line. No 
continuity between the two separations is apparent in this section.  )<  84,000. 
FmtmE 9  Portions of three myelinated axons in the severely edematous areas of the eaUosal radiation. In 
one myelin sheath, there is separation of the outermost and two alternating lamellae. The other two sheaths 
are apparently intact.  X  106,000. external leaflet of the myelin-forming cell's plasma 
membrane.  Therefore,  we  agree  with  most  other 
workers  (2,  22,  24,  33)  that  the myelin sheath  in 
the central nervous system is formed by a  myelin- 
forming cell's wrapping around  the axon in a  con- 
tinuous  spiral,  as is the case in peripheral  myelin 
(8,  28). 
Very small amounts  of cytoplasm,  usually near 
the  outer  loop  and  usually  inconspicuous,  have 
been  occasionally  observed  within  the  central 
myelin sheaths of nonedematous callosal radiation. 
The swollen, isolated cytoplasmic areas observed in 
the edematous tissue are probably  exaggerations of 
those cytoplasmic areas rather  than  being the re- 
sult of a new splitting of the major dense lines. This 
is  confirmed  by  the  observations  that  small 
amounts  of cytoplasm  are  no  longer observed  in 
severely edematous  areas  and  that  the frequency 
of swollen  areas  matches  that  of the  small  cyto- 
plasmic  areas.  Although  the  lack  of an  external 
mesaxon,  as  illustrated  by  Maturana  (22)  and 
Peters (24, 25), was confirmed in the great majority 
of our material,  a  considerable number  of myelin 
sheaths  displayed  a  normally  inconspicuous  cyto- 
plasmic  area  adjoining  the  outer  loop  and  pro- 
ducing a  short external mesaxon. 
Three alterations,  so far not observed in similar 
implantation  experiments  (10,  12,  16),  were  ob- 
served only occasionally in the severely edematous 
areas  after  silver  nitrate  implantation.  A  short 
discussion  of these  phenomena  is worthwhile,  we 
believe, because  they serve to elucidate  the struc- 
ture of the myelin and its relationship to the myelin- 
forming cell in the central nervous system. 
The  first  alteration  is the  regular  separation  of 
the myelin lamellae, starting at the outer loop and 
progressing inwards,  splitting the intraperiod  line. 
This observation tends to confirm the spiral wrap- 
ping theory of myelinogenesis, since the separation 
may be viewed, in one sense, as a  passive unwrap- 
ping process due to the infiltration of edema fluid. 
Similar separations are not observed so far in other 
implantation  experiments  (10,  12,  16),  regardless 
of the  extent of the edema.  Our  observations  are 
somewhat  different  from  those  reported  in  tri- 
ethyl  tin  intoxication  where  the  splittings  of  the 
intraperiod  lines  were  larger,  isolated  and  struc- 
tureless  (1).  The  implications  of  alternating 
separations of lamellae seen in our material still re- 
main to be clarified. Regular separations have been 
recently  reported  in  cultures  of peripheral  nerve 
after irradiation  (21)  and  in experimental allergic 
encephalomyelitis  (14),  as  well  as  in  biopsy  ma- 
terial from cases of human  metachromatic  leuko- 
dystrophy  (32). 
The second alteration is  the rare  appearance  of 
mitochondria  and  dense  bodies  within  the  outer 
loop, evidently as a  reaction to the injury.  It is to 
be emphasized  that  these observations were made 
within only 48 hr after silver nitrate implantation 
and that,  therefore, the myelin sheaths are proba- 
bly fully  mature  and  most  unlikely  to  be  newly 
formed. So far as we know, this is the first report of 
this  phenomenon  in  mature  myelin  in  the  adult 
central  nervous  system.  This  observation  bears 
directly  on  the  question,  discussed  by  Bunge, 
Bunge, and Pappas in  1962  (2)  and more recently 
by Peters in  1964 (27),  and by Bunge and Glass in 
1965  (4),  regarding  a  connection  between  the 
myelin sheath  and  the myelin-forming cell in the 
central nervous system. We cannot, at present, rule 
out the possibility that the mitochondria and dense 
bodies arise locally, without benefit of nuclear in- 
fluence.  However, when one couples the observa- 
FIGURE 10  Outer loop of a  myelin sheath  in a  severely edematous area  of the callosal 
radiation. Note the dense body within the separated outer loop which also contains tubules, 
vesicles and electron opaque naaterial.  )<  106,C00. 
FmURE 11  Separated outer loop of a myelinated axon in a severely edematous area of the 
callosal radiation. Note mitochondrion and four tubules within the outer loop.  X  1~4,000. 
FIGURE 1~  Outer loop of a myelinated axon in a severely edematous area of the caUosal 
radiation.  Note  mitochondrion  and  microtubules  within  the  outer  loop.  An  abutting 
isolated cytoplasmic area is also visib]e.  X  100,000. 
FIGtmE  13  Outer loop (OL) and a portion of a myelinated axon in a  severely edematous 
area of the callosal  radiation. The outer loop extends for about ~  p away from the myelin 
sheath.  )<  le0,000. 
406  ThE  JOURNAL OF  CELL  BIOLOGY  • VOLUME  31,  1966 407 FIGURE 14  Two distinct myelin sheaths around a single axon in a  severely edematous area of the eallosal 
radiation.  Inner  (1)  and outer  (2)  loops of the inner sheath as  well as inner (3)  and  outer  (4)  loops  of 
the outer sheath are visible. The sheaths spiral in the same direction and adhere closely to each other.  >( 
1~8,000. 
FIGURE 15  Severely edematous areas of eallosal radiation. Three examples of extra myelin sheaths with 
appreciable separation between the sheaths. In Fig. 15 a, the sheaths spiral in opposite directions. Fig. 15 
a,  X  78,000;  Fig. 15 b,  X  74,000;  Fig.  15 c~  X  70,000. FIGURE 16  Higher magnification of a portion of a myelinated axon in a  severely edematous area of the 
eallosal radiation.  A double intraperiod line is visible in some areas  (arrows).  X  879,000, 
tion of long extensions of the outer loop to the ap- 
pearance of mitochondria and dense bodies, we are 
led to agree, in general, with Bunge and Glass (4) 
that  it  is  "likely that  some  of the  interfascicular 
oligodendrocytes  are  cells directly  attached  (pre- 
sumably permanently) to the myelin sheaths." The 
question  of the  permanence  of this  connection in 
each  myelin  sheath  cannot  be  answered  on  the 
basis  of our evidence alone.  However, we believe 
that there is good evidence for the conclusion that, 
under  our experimental  conditions,  at  least  some 
mature myelin is connected to the myelin-forming 
cell. 
The third alteration, also seen very rarely in our 
material,  is  the  appearance  of  an  extra  myelin 
sheath  arranged  coaxial  to  the  myelinated  axon. 
This observation is reminiscent of several hypoth- 
eses of myelinogenesis in the central nervous system 
(19,  20,  30,  31),  in all of which it is hypothesized 
that more than one myelin-forming cell contributes 
to  the formation  of a  myelin  sheath.  Our  micro- 
graphs  of an  additional  myelin  sheath,  complete 
with both outer and inner loops, are different from 
the  micrographs  presented  by  the  three  workers 
(Luse,  Rosenbluth,  and  Ross)  cited  above,  but 
they,  too,  indicate  that  more  than  one  cell  (or 
cell  process)  can  contribute  to  a  single  axon's 
myelin  wrapping.  Since  extra  sheaths  were  ob- 
served  in  the  untreated  hemisphere  as  well as  in 
the  edematous  hemisphere,  it is unlikely  that  all 
of them  were  formed  as  a  reaction  to  the  silver 
nitrate.  It is more likely that  they merely became 
A.  HmA•o,  H.  M,  ZIMMERMAN, AND  S.  LEVI~qE  Myelinogene~is  in Central Nervous System  409 more  obvious in  the  edematous  tissue  because  of 
the swelling of the outer  and inner loops and  be- 
cause  of the tendency of silver nitrate  and  associ- 
ated  severe  edema  to  separate  apposing  myelin 
lamellae. 
We wish to emphasize that we fully realize that 
our  material  is  greatly  altered  from  the  normal, 
and  that  to  make  generalizations from  such  rare 
observations  is  difficult.  Furthermore,  we  agree 
that, in the vast majority of cases, only one sheath 
can  be  observed  surrounding  the  axon.  On  the 
other hand,  when  a  large  number of lamellae  is 
present,  technical  limitations  often  prevent  the 
clear  demonstration  of  all  lamellae  throughout 
360 ° .  For  this reason,  the  clear  examples  of con- 
tinuous  spirals of single cell  processes  are  limited 
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